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A B S T R A C T
The cave - site of Gran Dolina in Atapuerca preserves one of the most abundant records of Early to Middle 
Pleistocene sediments known so far. Therefore, establishing the chronology for the stratigraphic levels within the 
cavity is crucial. Since the early 1990s, subsequent excavations have allowed better access to the older strati-
graphic levels TD4, TD5 and TD6 allowing for re-sampling with the aim of providing detailed chronology and 
testing whether the lithic industries-bearing layer TD4 has a post or pre-Jaramillo age, and hence establishing a 
better geochronological context for the lithic tools. In this study, we obtained negative magnetic polarity di-
rections for these stratigraphic levels, a result consistent with previous studies that already identified the 
Matuyama—Brunhes boundary between TD7 and TD8 levels. In addition, several new ESR analysis, recently 
published, were carried out throughout the sequence, provide an age between 0.77 and 0.85 Ma for the upper 
limit of TD6 and an age of 0.91 ± 0.25 Ma for the lower limit of TD4. The age provided by ESR for TD6 is 
consistent with recent luminescence analysis, which provides a mean age of 846 ± 57 ka. The combination of 
ESR, luminescence, biostratigraphy, with our new paleomagnetic results, supports a post-Jaramillo age for layer 
TD4 in Gran Dolina.
1. Introduction
The Atapuerca karst system contains one of the largest and most
continuous records of Early and Middle Pleistocene age known so far.
The cave sediments found in this karst system have been studied since
the late 1980s (e.g., Aguirre et al., 1990; Carbonell et al., 1995; Parés
and Pérez-González, 1995; Arsuaga et al., 1997; Bermúdez de Castro,
1997) contributing to a much better understanding of human evolution
and dispersal outside the African continent.
Within this karstic complex, the Gran Dolina (TD) site has provided
abundant archaeological and paleontological remains that document
human activity and its relationship to the environment over the last one
million years (Carbonell et al., 1995, 2008; Bermúdez-de Castro et al.,
2008; Rodríguez et al., 2011; Rodríguez-Gómez et al., 2013). Different
stratigraphic layers have been extensively studied and dated using
numerous chronological methods such as biostratigraphy, lumines-
cence, electron spin resonance (ESR) and paleomagnetism (Parés and
Pérez-González, 1995, 1999; Cuenca-Bescós et al., 1999, 2015;
Falguères et al., 1999; García and Arsuaga, 1999; Berger et al., 2008;
Parés et al., 2013; Arnold et al., 2015). Successive excavation seasons
have expanded access to the sediments that fill the cave of Gran Dolina,
making it possible to sample horizons that were not available before.
This is particularly significant for magnetic reversal stratigraphy. The
aim of this study is to build upon the existing magnetostratigraphy of
levels TD6, TD5 and TD-4, which are currently much better and con-
tinuous exposed than when the original paleomagnetic study was done
at this site, and to provide more information which complement the
work reported by Parés et al. (2013).
Specifically, stratigraphic layer TD4 is a key unit, as its upper part
contains remains of a lithic industry that confirms human presence in
levels well below the Aurora stratum, now TD6-2 (Carbonell et al.,
1995), which in turn predates the Matuyama—Brunhes boundary (here
after MBB) (Parés and Pérez-González, 1995). The most recent absolute
age available for this important layer is due to ESR, which gives an age
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902 ± 149 ka (Moreno et al., 2015) which could be compatible with
the presence of the Jaramillo subchron (1001–1.069 ka) within the
error margin. Therefore, the main goal of this study is to test whether
the Jaramillo subchron is present in the section, thus establishing a
better chronological framework for the levels TD4 to TD6 that allow a
more accurate temporal range for the lithic industry and fossils found at
TD4.
1.1. Geological and stratigraphical context
Sierra de Atapuerca is located about 16 km west of the city of Burgos
(Fig. 1) within what is known as the ‟ Bureba Corridor,” a passage or
connection between two of the largest Cenozoic basins of the Iberian
Peninsula, the Duero and Ebro basins (Alonso-Gavilán et al., 2004). The
mountain range corresponds to an anticline that structurally is part of
the north western most sector of the Iberian chain and has been dis-
sected in the Quaternary by the Arlanzón River (Benito-Calvo, 2004;
Benito-Calvo et al., 2008). The mountain range consists mostly of Me-
sozoic limestones and dolomites, leading to a karst system which in-
cludes 4.7 km of explored passages, where numerous archaeological
and paleontological remains have been found (Ortega et al., 2013).
1.1.1. Gran Dolina (TD)
This site consists a sedimentary filling, about 20m thick, divided
into 11 individual units labelled TD11 to TD1 from top to bottom (Gil
et al., 1987) The stratigraphic nomenclature is still used with some
modifications, specifically in the lower part, which includes names such
as TDW4b, TD3-TD4 or TD3-4 (Cuenca-Bescós et al., 2001; Pérez-
González et al., 2001). A summary of the different nomenclatures can
be found in Rodríguez et al. (2011). For the present manuscript, we will
use the name of TD4 for this stratigraphic unit present in the lower part.
The sedimentary layers of the TD cavity, now exposed in a con-
tinuous vertical outcrop, include both interior facies sediments with
little external influence (also known as autochthonous deposits in the
literature), and entrance facies sediments, which originate outside the
cave or at its entrance and which are deposited by different transport
mechanisms mostly forming slope and talus cones. Level TD1 corre-
sponds to a slackwater deposits capped by a speleothem at the base of
TD4, and does not contain fossil. Levels TD4 to TD11 overlie the pre-
vious units and are formed mainly of pebbles, cobbles and sandy clay,
corresponding to talus, slope wash and sliding bed mode deposits, and
they contain numerous fossil remains.
A description of the levels addressed in this paper follows below:
- TD4: About 2m thick dominated by breccia, with a reddish-brown
sandy clay matrix and limestone pebbles between 10 and 15 cm.
- TD5: About 2.5m thick, consisting of a clast-supported breccia with
pebbles and cobbles, up to 60 cm of diameter at the bottom, with a
mud and sandy matrix and a dark brown clay level at the top.
- TD6: 2–2.5 m thick with abundant clasts ranging from breccia to
gravels with a very hard and less abundant clay matrix.
A more comprehensive and detailed description of the sedimentary
infill of Gran Dolina can be found in Campaña et al. (2015, 2016).
1.2. Biostratigraphical context of TD4, TD5 and TD6
The mammal assemblages from the TD4, TD5 and TD6 are Biharian
in the European biostratigraphy. The preceding Villafranchian Mammal
Age is a biochronological unit based on large mammals covering the
time interval from the Late Pliocene through most of the Early
Pleistocene in Southern Europe. It roughly spans from around 3.5 Ma to
about 1.0 Ma (Rook and Martínez-Navarro, 2010) and are found in pre-
Jaramillo or Jaramillo layers from several localities in Europe (see
Cuenca-Bescós et al., 2015 for a comprehensive review). In Spain, the
end of the Villafranchian is characterized by the faunal unit defined in
Sima del Elefante as the Atapuerca FU 1 (Cuenca-Bescós and García,
2007). This FU1 records the oldest occurrence of fossil remains of Homo
in Europe (Carbonell et al., 2008) together with at rodent association
dominated by the Allophaiomys species Allophaiomys lavocati (Laplana
and Cuenca-Bescós, 2000), from the Lower Red Units of Sima del Ele-
fante (knows as TELRU levels, López-García et al., 2011), in Atapuerca.
This faunal association is unique and is situated in the layers prior to
the Jaramillo event in the localities were this event is recorded such as
the layer 10 of the site of Vallparadís, EVT 10 (Estació de Vallparadís
10), see Minwer-Barakat et al. (2011) and Duval et al. (2011). The
micro fauna from TD4, TD5, TD6 and lower part of TD7, below the
MMB and hence Early Pleistocene, is dominated by the Mimomys savini
which disappears short after the MBB event in Gran Dolina TD8 (level
TD8b, Table 1), and from the faunal units FU2 to FU4 (Cuenca-Bescós
et al., 2015, 2010).
Relevant large mammal species from TD4 include Bison voigt-
stedtensis, which is assumed to be a descendant of Bison menneri (Made
et al., 2015), a species of Eucladoceros replacing the closely related
Eucladoceros giulii, Megaceroides solilhacus, which is a descendant of
Eucladoceros pliotarandoides and Crocuta, which first appeared in Ata-
puerca (García and Arsuaga, 2001; Made et al., 2015). The first ap-
pearance of Cervus elaphus in Europe seems to have been diachronic,
appearing before the Jaramillo in Montenegro, within the Jaramillo in
Germany, and in TD4 in Spain (Made and Dimitrijevic, 2015). These
taxa suggest a post, rather than a pre-Jaramillo age for TD4. A summary
of the different stratigraphic ranges of taxa which appears (first or last)
in the latest Matuyama until Jaramillo subchron is shown in Fig. 2.
Further information about those taxa can be found in the
Fig. 1. Location of the Atapuerca karst system site. Images obtained from Google Earth free program (version 7.1.8.3036. Map data © 2016 Google, Digital Globe).
supplementary data (Appendix A, Tables S1 and S2, and the biblio-
graphical references there contained).
2. Material and methods
Owning to the cohesiveness and hardness of the materials of the
studied levels, two different procedures were used to obtain the samples
for this study. The top of level TD6 is cohesive and indurated, and an
electric radial saw was used in order to obtain hand blocks between 8
and 4 cm, which were processed to obtain individual samples about
8 cm3 into the laboratory. For levels TD5 and TD4, with more abundant
and softer clay matrix a ceramic knife has been used to cut individual
samples of sediment in situ. In both cases, samples were oriented in situ
with a standard compass and clinometer. Whenever possible, we have
tried to obtain consecutive samples in all stratigraphic levels, although
given the accessibility to the outcrop (currently a vertical wall) and the
abundance of paleontological remains, this has not always been pos-
sible. In total, we have sampled 86 sites spread across the three levels
studied, obtaining 140 individual specimens of 8 cm3.
The paleomagnetic analyses were performed at the Paleomagnetism
Laboratory of the National Research Center for Human Evolution
(CENIEH, Burgos) and consisted in measuring the natural remanent
Table 1
Distribution of the rodents at the Gran Dolina stratigraphic sequence. The upper limit of ATA FU 5 represents the highest appearance of taxa of rodents of “early Pleistocene age” though it
appears above the Matuyama–Brunhes boundary, the proposed limit between the Early-Middle Pleistocene.
Fig. 2. Stratigraphic ranges of taxa with last
appearances in the Jaramillo or first or last
appearances in the latest Matuyama and the
localities in which they Occur. Modified
from Van der Made et al. (2015).
3. Results
Paleomagnetic results show a moderate NRM intensity, with values
ranging between 6.79×103 A/m to 3.35x10−4A/m, well above the
noise level of the magnetometer that we used. The IRM acquisition
curves present a low coercivity phase, with a saturation below 100mT,
indicating that the main carrier of magnetization is magnetite (Fig. 3).
After visual inspection of the Zijderveld diagrams, samples have
been categorized by a statistical distribution of the MAD (maximum
angular deviation) by calculated the mean of all data. The value ob-
tained was a numerical mean of 7.05, which we use as a reference to
classify the data as: type I (25%) include specimens in which the MAD
value is equal or less at 7.05; type II (24%) specimens have a MAD value
over 7.05; and type III (52%) for those specimens which show an erratic
or noisy behaviour, and there is no possibility to obtain data (Fig. 4). In
thermally demagnetized samples having type I and II, we have identi-
fied, in almost all of them, the presence of two components: a low
temperature, between 20 °C to 350 °C, and high temperature (where
ChRM has been determined) which reaches 530 °C. Above this tem-
perature, behaviour typically becomes erratic (Fig. 4). Both observa-
tions, mid-unblocking temperature and the saturation curves of the IRM
experiments at low fields, confirm magnetite as the major ferromag-
netic mineral present in the sediments. This result is coherent with a 
number of existing paleomagnetic and rock magnetic analysis (Bógalo 
et al., 2003; Parés et al., 2013).
The orientation of the low temperature component is NW and po-
sitive, not distinguishable from the present Earth's magnetic field at the 
locality, while the high temperature component has a SE and upwards 
direction. The low stability component (NW positive) has been inter-
preted as a recent overprinting, and the latter is considered as the 
primary magnetization (Fig. 5).
The reversal stratigraphy is based on the VGP Latitude position and 
sites have been classed based on the k precision parameter: class 1 if 
k ≥ 10; class 2 if k < 10, and class 3 if only one sample was used 
(Table 2). The VGP Latitude plot values shows a dominance of negative 
polarities (Fig. 6), ranging from −78 to −33.
The obtained reverse magnetozone encompasses stratigraphic levels 
TD6, TD5 and TD4, and is interpreted as the Matuyama chron, as a 
major change in polarity, from reverse to normal observed near the 
limit between units TD7 and TD8 was assigned to the Matuyama-
Brunhes Boundary (Parés and Pérez-González, 1995, 1999) and later 
corroborated by OSL and ESR dating (e.g., Arnold et al., 2015; 
Falguères et al., 1999; Moreno et al., 2015). The obtained reverse 
magnetozone is only interrupted by three non-consecutive sites that 
show positive magnetization directions which cannot be un-
ambiguously interpreted as geomagnetic short events. These few hor-
izons displaying normal polarity could simply correspond to re-
magnetized sediments or else due to as an insufficient removal of the 
present day field overprint and therefore are not included in the dis-
cussion and interpretation of the results.
Recent ESR analyses carried out by Moreno et al. (2015) in the 
lower section of Gran Dolina, and specifically from the mid - lower 
section of TD4, give an age of 902 ± 149 ka; whereas the upper part of 
TD6, includes an OSL (Optical Stimulated Luminiscence) chronology by 
Arnold et al. (2015) which results in a mean age of 846 ± 57 ka for 
TD6 level, clearly below the – Matuyama-Brunhes limit (Fig. 6). Our 
new magnetostratigraphic results can then be combined with such ab-
solute ages to interpret the magnetic polarity.
4. Discussion and conclusions
The magnetostratigraphy obtained in this study reveals essentially
reverse polarity from TD4 to TD6 levels that agrees with the presence of
the MBB at the upper part of level TD7 (Parés and Pérez-González,
1999, 1995). ESR analyses carried out in Aurora stratum (upper part of
TD6), just below TD7, show an age between 0.77 and 0.85 Ma for such
level (Duval et al., 2012; Falguères et al., 2013, 1999), and is consistent
with the average age of 846 ± 57 ka for TD6 provided by lumines-
cence (Arnold et al., 2015). Also, the ESR analyses (Moreno et al., 2015)
on quartz grains in the lower section of Gran Dolina, provide an average
Fig. 3. IRM (isothermal remanent magnetization) diagrams an corresponding thermal demagnetization. The IRM diagrams show a rapid increase of magnetization and a saturation at
about 0.1–0.2 mT. Maximum unblocking temperatures are between 550 and 600 °C.
magnetization (NRM) of the samples and their progressive demagneti-
zation. We used a Superconducting Rock Magnetometer model 755-4K 
(2G Enterprises) with a built in 3-axis degausser system for alternating 
field demagnetization (AF) up to 170 mT, and an oven model TD-48SC 
(ASC Scientific) for thermal demagnetization (TH). Also, an Impulse 
Magnetizer, model IM-10-30 ASC has been used to obtain isothermal 
remanent magnetization (IRM) acquisition curves.
Of the 140 individual specimens obtained, 118 have been analysed, 
of which 73 (62%) have been thermally demagnetized, with an initial 
increase of 50 °C to reach 350 °C, and then reduce the step at 30 °C, 
reaching 650 °C. 24 specimens (20%) have been demagnetized using AF, 
reaching up 0.1T. Nine specimens (8%) have been demagnetized first at 
130 °C and then with AF until a peak field of 50 mT. Twelve specimens 
(10%) has been used to obtain the IRM curves, and their progressive 
thermal demagnetization. The information about the in-dividual 
samples analysed and the statistical results are provided in the 
supplementary data (Appendix A Table S3).
After visual inspection of the obtained Zijderveld (1967) diagrams, 
we have determined, based in the most stable component of the NRM 
(Natural Remanent Magnetization), the primary component, known as 
Characteristic Remanent Magnetization (ChRM) direction, which we 
favour to be the original primary magnetization acquired at the of de-
position, for each sample. Afterwards we obtained the fisherian mean of 
the ChRM directions (appling various programs, such as Pmag, Tauxe, 
1988; VPD7, Ramón & Pueyo, 2014), and last, we calculated the Virtual 
Geomagnetic Pole (VGP) latitude for each site based on the mean ChRM 
direction.
age for TD4 level of 0.91 ± 0.25 Ma. Hence the window of time
comprised in levels TD6 to TD4 levels is constrained between 0.85 and
0.91 Ma. The lower limit of such a window of time, due the uncertainty
of the ESR age (∼10%), is a priori compatible with the presence of the
Jaramillo subchron (1.00–1.07 Ma) in the lower part of the section, a
possibility that our new results allow to re-evaluate. The presence of
exclusively reverse polarity from TD4 to TD7, together with the ESR
age, strongly suggests that such stratigraphic interval was formed after
the Jaramillo subchron, so sometime after 1.00 Ma. The Jaramillo
subchron has a duration of about 60–70 ka and hence, given that no
hiatuses or major erosional surfaces are observed in this part of the
stratigraphy (e.g., Campaña et al., 2015), it is unlikely that the Jar-
amillo Subchron was simply not recorded in the stratigraphic record.
The insectivores (Eulipothyphla) and arvicolines (Rodentia) of le-
vels TD4, TD5, TD6 and lower part of TD7 are characteristic of the end
of the Early Pleistocene. These are the late Biharian microfaunas, which
are partially correlated with the first two thirds of the Galerian large
mammal faunas in the continental European biostratigraphy (Cuenca-
Bescós et al., 2010, 2015). These observations are compatible with a
post-Jaramillo age for TD4.
Overall, when comparing the magnetostratigraphy obtained in this
work with the Quaternary geomagnetic instability time scale (Singer,
2014) (Fig. 7), we can conclude that lithic tool-bearing layer TD4 of
Gran Dolina has an early Pleistocene age, and on the basis of all existing
data, that the studied section post-dates the Jaramillo Subchron (< 1.0
Ma). Our conclusion is consistent with recent results from Italy (e.g.,
Muttoni et al., 2010, 2009) in that a significant pulse in human dis-
persal in southern Europe took place between the Jaramillo subchron
and the Brunhes - Matuyama boundary (0.99–0.78 Ma) Whether the
lithic tools found in TD4 (Carbonell and Rodríguez, 1994; Carbonell
Fig. 4. Orthogonal Zijderveld diagrams representing
the three types of behaviour obtained in this study.
Open (closed) circles show vertical (horizontal) com-
ponents of magnetization. Type I, diagrams a) and b);
Type II, c) and d); and Type III e) and f).
et al., 2001), which include cores and flakes, were transported in to the
cave by natural processes or else they are in situ needs further work. No
cut-marks have been observed so far in the large mammal fossils found
at the layer, which would suggest transport of the artifacts into the
cave, although work in progress will shed more light into this important
issue.
Although Gran Dolina TD6 layer holds an unprecedented, well
dated record of hominin fossils ca 0.9 Ma, the underlying and hence
older stratigraphic layer TD4, which also reveals human presence
through lithic tools, confirms that occupation at the site of Gran Dolina
was, if not rather continuous, at least highly constant through the
Pleistocene.
From a geological point of view, stratigraphic layer TD4 reveals an
important change in karst dynamics, as the sediment type, grain size,
and texture indicate all together the development of a proximal cave
entrance and a significant drop of the water table. Notably, the small
mammals recorded in these layers are indicators of dry conditions in
comparison with the small mammal assemblages of layers TD5 and
TD6. Underlying older levels (TD1) display interior facies (fluvial,
slackwater deposits) and proximity to the phreatic level (Parés et al.,
submt.), with no external connections and hence preventing the accu-
mulation of large fossils or artifacts into the cave. Therefore, a major
paleoenvironmental change occurred between the top of TD1 and TD4,
which led to the development of a cave entrance in Gran Dolina (TD),
allowing the beginning of the accumulation of exterior sediments. As a
consequence, the fossiliferous record (external input) of the lower part
of Gran Dolina might be biased by the geologic processes associated
with such environmental change (transport and accumulation).
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Fig. 5. Equal area, lower hemisphere projection
of high and low temperature magnetization
components. Each point represents a magnetiza-
tion component of one individual sample. White
and black dots represent vectors onto the upper
and lower hemisphere respectively. Alfa-95 cir-
cles around the mean directions are also shown.
The direction of the low stability components is
consistent with the present Earth's field, and is
considered to be recent overprint Also the ex-
pected GAD inclination is about 61.3°, which is
within the error of the mean of the lower tem-
perature component.
Table 2
The samples are grouped in sites and ordered by depth, showing the VGP Latitude cal-
culated for each site. Depth=Stratigraphic depth of the sequence beginning from the top
of Gran Dolina; Site=sampling site; N=Number of individual specimens used;
VGPLatº= latitude of the Virtual Geomagnetic Pole; Class (K)=precision parameter;
sites are classified according to the value of k: class 1 if k > 10, class 2 if k < 10, and
class 3 if one specimen was used.
Depth Site N VGP Lat Class (K)
7,06 TD6.1 2 −53 1
7,18 TD6.9 1 −58 3
7,2 TD6.10 1 −59 3
7,23 TD6.8 1 −56 3
7,27 TD6.12 1 −65 3
7,4 TD6.15 1 −53 3
7,44 TD6.14 1 −57 3
7,53 TD6.13 1 −65 3
7,55 TD6.7 2 −61 1
7,8 TD6.17 1 −59 3
8 TD6.20 2 −62 1
8,05 TD6.22 1 −69 3
8,09 TD6.23 2 −78 1
8,26 TD6.21 1 −63 3
8,52 TD6.24 1 −61 3
8,95 TD5.2C 1 −33 3
9,1 TD5.15 1 −56 3
9,18 TD5.13 1 −56 6
9,21 TD5.14 1 48 3
9,24 TD5.9 1 −38 3
9,31 TD5.20 1 4 3
9,36 TD5.12 2 −46 1
9,66 TD5.18 1 −61 3
9,68 TD5.17 1 −68 3
10,11 TD4.10 1 −64 3
10,17 TD4.11 2 −71 1
10,21 TD4.1 1 40 3
10,4 TD4.12 1 29 3
10,4 TD4.4 2 −55 1
10,57 TD4-1.1 1 −60 3
11,39 TD4.29 1 40 3
11,66 TD4.31 1 76 3
12,05 TD4.20 2 −35 2
12,12 TD4.18 1 −70 3
12,22 TD4.15 1 −68 3
12,24 TD4.16 2 −37 2
12,26 TD4.17 2 −69 1
12,29 TD4.19 2 −68 1
12,34 TD4.14 1 −63 3
12,41 TD4.13 1 11 3
Fig. 6. Resulting magnetostratigraphy expressed as Virtual Geomagnetic Pole latitude (VGPLatº) position. Also, shown is declination (DEC), inclination (INC) and maximum angular
deviation (MAD) for each site. The stratigraphic section has been taken and modified from Campaña et al. (2016). The red dots are the two luminescence samples studied by Arnold et al.
(2015) by thermally transferred optically stimulated luminescence (TT-OSL) and from which they obtained a mean age of 846 ± 57 ka for unit TD6. The red star is the sample analysed
byMoreno et al. (2015) at the TD4 unit. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
Fig. 7. Comparison of the magnetostratigraphy obtained in this
study with the GITS (geomagnetic instability time scale) of
Matuyama Reverse Chron (modified from Singer, 2014). The stra-
tigraphic section has been taken and modified from Campaña et al.,
(2016). Although we find values of normal polarity in depths of 9,
10 and 12.5m (the grey levels in the magnetostratigraphy) we
cannot interpret them in terms of full reversals of the geomagnetic
field (see text for discussion).
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